Conformations of cryptand K 2.2.2BB and its complexes with potassium ion have been studied in this work
Introduction
Positron emission tomography (PET) is the most sensitive method of medicinal visualization that makes it possible to quantify parameters of many physiological and biochemical processes in the living organism (perfusion, metabolism, receptor and neurotransmitter interactions) and thereby provides early and accurate diagnostics of oncological, cardiological, neurological and psychiatric diseases. [1] [2] [3] The unique opportunities of PET are based on using short -living positron decay radionuclides: 15 
О,

13
N, 11 C, 18 F as a label. The fluorine isotope 18 F (T 1/2 = 110 min) is the most widely used radionuclide for production of labeled biomolecules or PET radiotracers due to its advantageous nuclear physical properties. The use of 18 F as a radiotracer provides a high spatial resolution of the PET image due to low energy of the positrons (β + , 0.635 MeV) and their small range in tissue before annihilation with an electron (~2. 4 [4] Since then К 2.2.2 has been widely used for production of fluorinated radiopharmaceuticals that belong to different chemical classes. [3, 5] Researchers interest is mainly attracted by the kryptofix conformations lability: there are a few works that study conformational variety of K 2.2.2 and its complexes with metals and complexes of its derivatives with metals. [6] [7] [8] [9] The difference between K 2.2.2 and cryptand К 2.2.2BB (5,6,14,15-dibenzo-4,7,13,16,21,24-hexaoxa-1,10-diazobicyclo [8.8.8 ]-hexacosane) is that the latter has two benzene rings. As reported, the radiofluorination efficiency with use of this ligand may be compared with the same with K 2.2.2.
[10] Cryptand K 2.2.2BB is less toxic, has a lower detection limit by chromatography (determined by chromatography), can be easily removed by solid phase extraction with single-use cartridges, and could compete with K 2.2.2 as a PTC in nucleophilic fluorination.
In the 1980-90-s there were a few attempts to evaluate the effect of benzene rings on the size of K 2.2.2BB cavity [11] and on the stabilization of [K 2.2.2BB-metal] complex. [12] But there have been no systematic studies of conformational distribution for this ligand. The main aim of this paper is to study conformational population of K 2. 
Experimental
Quantum chemical calculations were made in the Gaussian 09 [13] software package using the approximation of the density functional method. B3LYP functional was applied with the basis set 6-31++G(d,p). As is shown in [6] , the free energy of binding calculated in this approximation for the cryptand K 2.2.2 is in good agreement with the experimental results. All the calculated structures have no imaginary frequencies and thus correspond to energy minima. The energies of all the conformers were calculated with an account of zero vibrations (E 0 ), the relative values of energy and free energy (DE 0 , DG) were calculated in respect to the most stable conformer. The energies and free energies of complex formation as well as the binding energy of cryptand with potassium ion were calculated from the corresponding conformer and cation.
The energy of intermolecular interactions of the studied complexes with account of superposition error (BSSE) was calculated by the following relation:
The superposition error itself was determined by the following equation:
where E(AB; aUb; R), E(A; a; R), E(B; b; R) are the energies of complex and initial molecules, respectively. Molecules А and В are separated by distance R in АВ complex; a and b are the basis sets of separated molecules, Ub is the basis set of complex АВ. Coordination bond stabilization energies (E STAB ) were calculated as part of NBO analysis (Natural Bond Orbital Analysis): [14] E STAB = -2F IJ 2 / ΔE , where
n, σ* are the orbital of the electron lone pair and the antibonding orbital of the electron pair acceptor, F IJ is the nondiagonal element of the orbital Hamiltonian (F) describing the interaction (overlap) of these orbitals; ΔЕ is the difference of the orbital energies.
Results and Discussion
The number of possible dihedral angles around various bonds in K 2.2.2BB is equal to 25, therefore, the conformer set is very large (~103). Thus, the construction of full conformational manifold is practically impossible. Therefore, we selected two conformers with an open cavity, allowing the metal cation to freely migrate to the electron donor centers and three conformers with a closed cavity (Figure 1) .
The cavity of conformers 1, 3 and 4 is partly closed by CH 2 -groups. Conformer 2 has the maximal open cavity, while the cavity of conformer 5 is completely blocked by the
by not more than 10 kJ/mol, which is in the limit of thermal fluctuations. It means that the populations of these conformers are rather numerous. The energy of conformer 5 is higher than that of all the others and, therefore, its population is negligible.
The conformers obtained ( Figure 1 ) were assumed as initial approximation for the structural optimization of their complexes with potassium ions. Complex formation is determined by both interaction with electron-donor centers and ligand structure alteration. Oxygen and nitrogen atoms with electron lone pairs act as cryptand electron-donor centers.
Depending on the direction of potassium attack, some conformers (4 and 5) formed two different complexes each, which allowed us to detect seven complexes. Most of the resulting structures formed rather strong interactions between potassium and oxygen or nitrogen atoms, which can be seen by the interaction energies and distances between potassium and electron pair donor atoms ( Table 2) .
The highest free energy of complex formation was found in complexes with conformers 2 and 4, with the structure of conformer 4 undergoing rather drastic changes, resulting in the formation of cation bonds with all the electron-donor centers of K 2.2.2BB ( Figure 2) .
As one can expect, complex 4-1 has the maximum binding energy, while the free energy of complex formation is higher in the complex formed from conformer 2 ( Table 2) . The reason for the cryptand structural changes can be understood by the NBO analysis. The stabilization energies of coordination bonds of all the studied complexes are shown in Table 3 . As the table shows, the cryptand complexes with potassium form as a result of competition between interactions of potassium with oxygen and nitrogen atoms, on the one hand, and potassium with p-systems of benzene rings, on the other hand. The interaction of potassium with p-systems is strong enough (~10 -14 kcal/mol) to shift the potassium from the cavity center to its periphery and, hence, to decrease the interaction energies and to increase the distances from some cryptand oxygen and nitrogen atoms (Tables 2,3 ). On the other hand, the conformation of cryptand changes noticeably (Figure 2 ). In configurations with the maximum binding energy (К 2.2.2BB_1_K, K 2.2.2BB_4_1_K), the interaction energy with the p-systems is close to zero (Table 3) . Therefore, the existence of benzene rings in K 2.2.2BB cryptand leads to formation of stable structures, where the cation shifts to the cavity periphery as a result of structural changes in the ligand. This feature distinguishes cryptand K 2.2.2BB from cryptand K 2.2.2 where such configurations are not stable. [6] On the other hand, it can be assumed that cryptand solvation significantly affects the thermodynamics of complex formation. To study this phenomenon we made quantum-chemical calculations of К 2.2.2BB_1_K and K 2.2.2BB_2_K complexes with the solvent in CPCM approximation. The CPCM model parameters corresponded to those of dimethyl sulfoxide. The thermodynamic parameters of complex formation are shown in Table 4 . Cryptand solvation by a polar solvent leads to a considerable reduction in the free energy of complex formation. As the calculations have shown, an increase in the dielectric constant of the solvent from 7.4 (tetrahydrofuran) to 37.2 (N,N-dimethylformamide) and 46.8 (dimethylsulfoxide), the free energy of complex formation (ΔG) decreases in the following order: -47.9, -18.3, -16.8 kJ/mol. [15] Among all the considered configurations, there is only one stable configuration corresponding to the complex with the minimal free energy in vacuum (Table 4 ). The NBO analysis results clearly demonstrate selectivity of the solvent effect. Namely, the solvation of solvent molecules has virtually no effect on the stabilization of coordination bond energy in the complex with a cation located in the cavity center (2nd conformation, Table 3 ). However, the situation drastically changes for the complex where the cation is shifted to the periphery due to the interaction with the p-systems of benzene rings, (first conformation, Table 3 ). Stabilization energies of coordination bonds in the solvent decrease essentially, which eventually leads to thermodynamic instability of these configurations.
